Uptake, retention and release of 5 selected odorants (benzaldehyde, 2-methylpyrazine, 2-isobutyl-3-methoxypyrazine, 2-isobutylthiazole, and 2,4,5-trimethylthiazole) by recombinant rat odor-binding protein 3 (rat-OBP3) were measured in a model system under nonequilibrium conditions. Gaseous odorants were introduced into a 100 mm section of a polar deactivated capillary in which aqueous rat-OBP3 films were formed to mimic the olfactory epithelium (OE), and the change in the gas-phase concentration of the outflow gas was monitored in real time using atmospheric pressure chemical ionizationmass spectrometry (APCI-MS). The 5 odorants were chosen because they exhibited a broad range of dissociation constants with rat-OBP3 and because they were amenable to detection by on-line APCI-MS. All 5 odorants were quantitatively bound by rat-OBP3, which resulted in an effective concentration of the odorants in the aqueous layer (about 50 000-fold). Odorant release from the rat-OBP3-odorant complex into the gas phase showed that odorant release was governed by the dissociation constant of the complex and the flow rate of odorant-free air. When 2 odorants were introduced into the system, odorant uptake and release were influenced by the method of introduction and their relative affinities for the protein. Because rat-OBP3 exhibits typical odorant-binding characteristics, the results not only provide fundamental information on the kinetics of odorant mass transfer induced by the presence of OBPs in the olfactory mucus layer but also support the possibility that vertebrate OBPs may facilitate the accumulation of odorants in the OE.
Introduction
In vertebrates, the initial stage of the olfaction process involves several interlinked mass transfer processes. Initially, odorants in the gas phase are transported differentially through the nasal cavity, then they transfer from the gas phase into the liquid mucus layer close to the olfactory epithelium (OE) and may bind with odor-binding proteins (OBPs). This is the so-called the peri-receptor stage (Pelosi 1996) . The next stage involves binding of the odorant to the olfactory receptor (OR) and the subsequent transduction mechanisms. Whereas OR-odorant binding is well researched and the general principles understood (Breer 2008) , the peri-receptor stage is a highly dynamic process, which is not so well characterized. In particular, the role of the OBP is unclear and several different hypotheses have been proposed to explain their function. In addition to their odorant-binding property, their high concentrations (0.1-1 mM) (Pelosi 1996) and spatial expression in vivo (Pevsner et al. 1986 ) suggest that OBPs play an active role in olfaction, such as in peripheral odor coding (Steinbrecht 1998; Lö bel et al. 2002) , solubilizing odorants ), transferring odorants to and from the ORs (Pevsner et al. 1986; Bignetti et al. 1987; Pelosi 1994) or the buffering effect (Taylor et al. 2008) .
To elucidate the role of OBPs in the olfaction process, odorant binding to OBP has been studied to determine fundamental parameters such as the dissociation constant (K d ). K d indicates the potential of the odorant-OBP liquid phase system to react to concentration changes. It is a value that is measured at equilibrium in the liquid phase, using bulk phase conditions and long time periods (Nespoulous et al. 2004) . Few publications have considered the overall air-liquid-OBP mass transfer process where several mass transfer processes are linked for example, the gas phase concentration, the air-liquid partition coefficient, diffusion through the liquid phase, and odorant-OBP binding. Because the odorant concentration in the air phase will cycle between zero (on exhalation) to the measured value (on inspiration), the overall mass transfer is a highly dynamic process, which is unlikely to achieve equilibrium. Previous work (Borysik et al. 2010 ) used a system that mimicked the overall mass transfer process, and results suggested that the interdependency of the mass transfer processes gave different emphasis to the values obtained from classical kinetic measurements. For instance, the slow off-rates observed in odorant-OBP measurements (using liquid-only phases; Lazar et al. 2002) are not observed in systems that couple the mass transfer processes (Borysik et al. 2010) . Other factors like airflow, surface area, and partition coefficients are also involved in overall mass transfer and they may exert significant effects on the odorant-OBP binding through a ''push-pull'' effect.
The effect of airflow in the nose has been studied by several research groups to understand the relative flows through the convoluted nasal passages and the proportion of air entering the nostrils that actually passes over the OE. Several studies have used computed tomography scans to determine the exact structure of the nasal passages in humans (e.g., Keyhani et al. 1995; Zhao et al. 2004; Croce et al. 2006; Ishikawa et al. 2006 Ishikawa et al. , 2009 and in dogs (Craven et al. 2010 ). These structures have been used with computational fluid dynamic (CFD) techniques to obtain values for linear gas flow at different nasal locations during normal ''resting'' breathing. For example, the work of Croce et al. (2006) reported a linear velocity of 0.4 m/s in the human olfactory region, a value which agrees closely with the work of Ishikawa et al. (2009) (0.3-0 .4 m/s). These papers suggest that under resting breathing conditions, only a small proportion of the airflow passes over the OE on inspiration but more flows over the OE during expiration. In odorant perception terms, this equates to orthoand retronasal stimulation of the OE. During orthonasal sniffing (when greater volumes of air are inhaled), the flow patterns are shifted so that a greater proportion of the total flow passes the OE during inspiration (Ishikawa et al. 2009 ). These studies provide accurate values for overall nasal flow and values for the linear velocities near the OE. Deposition of odorants and nanoparticles during orthonasal breathing have been predicted by adding a partition coefficient term to the CFD calculation (Kurtz et al. 2004; Jiang and Zhao 2010) , although none of the published papers studied appears to use OBP-specific terms in their calculation of odorant deposition.
Given the continuing uncertainty about the role of OBP in peri-receptor events, an experimental system (Dynamic Biomimetic assay for Odorant Binding System [DyBOBS]) was developed to mimic the conditions found in the human OE and to encompass the mass transfer processes involved (Yabuki et al. 2010) . The airflow, the thickness of the liquid layer, the surface area, the odorant concentration, and the concentration of the OBP were all set to values reported in the literature (Yabuki et al. 2010) . Because functional human OBP was not available, rat-OBP3 was substituted as it had a close sequence match to human OBP. A known concentration of odorant was passed at known flow rates (volumetric and linear) through a capillary tube coated with a solution of rat-OBP3 and the concentration of odorant leaving the capillary was monitored in real time using gas phase APCI-MS. This simple experimental system was validated (Yabuki et al. 2010) and showed that isobutylthiazole uptake in the presence of OBP was very different compared with a bovine serum albumin (BSA) control, therefore indicating that OBP changed the mass transfer of this compound during the peri-receptor phase.
In the present work, dynamic binding and release of a wider range of compounds (benzaldehyde (BA), 2-methylpyrazine (MP), 2-isobutyl-3-methoxypyrazine (IBMP), 2-isobutylthiazole (IBT), and 2,4,5-trimethylthiazole (TMT)) was studied using DyBOBS. The 5 odorants were used at typical concentrations found in the nasal passages during eating of food (Linforth et al. 2002) . The choice of compounds was based on 4 criteria. First, they represent the range of physicochemical properties found in odorants (Table 1) . Second, because online APCI-MS could monitor them at the concentrations used. Third, because their binding properties with rat-OBP3 in the liquid phase are known (Löbel et al. 2002; Nespoulous et al. 2004 ) and fourth, because they exhibit a broad range of dissociation constants with OBP (Table 1) . DyBOBS only monitors the odorant concentration in the gas phase and hence measures the net effect of odorant uptake and release. Methods to separate these 2 effects were developed.
We shed some light on various aspects of the initial steps in olfaction under simulated physiological conditions, namely 1. how easily is OBP saturated by an odor ligand? 2. how fast does rat-OBP3 bind and release odor ligands? and 3. how do conditions in the nasal passages (gas flow rate, tidal breathing, and the presence of multiple odorants) affect odorant uptake and release?
For the first part of the investigation, experiments were carried out over long time periods (about 13 min), but for the second part of the investigation, the exposure times were more consistent with physiological conditions.
Experimental procedures Materials and methods
Odorants (BA, MP, IBMP, IBT, and TMT) >95% purity; Sigma-Aldrich) were dissolved in deionized water at concentrations that delivered gas phase concentrations from 7 to 112 nM (equivalent to 125 and 2500 nl L -1 respectively; calculated from the solution concentration using the air-water partition coefficients in Table 1 ). Portions of odorant solutions (20 mL) were placed in a gas-tight syringe (100 mL; SGE Analytical Science) and allowed to equilibrate, then odorant delivery from the syringe to DyBOBS was achieved using a syringe pump (KD Scientific). The required flow rate was set on the syringe pump and linear velocities were calculated from the capillary diameter (0.53 mm). Humidified odorant-free air was prepared by equilibrating 20 mL of deionized water in a gas-tight syringe.
Rat-OBP3 was over-expressed using Escherichia coli M15 cells containing both pREP4 and pQE31, as previously described (Yabuki et al. 2010) . BSA (97% purity; SigmaAldrich) was used as a control protein. Each protein was dissolved into phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM sodium phosphate dibasic, 2 mM potassium phosphate monobasic, pH 7.4) and used for capillary coating using the conditions described before (Yabuki et al. 2010 ).
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) measurements were carried out on a MicroCal AutoITC system (MicroCal). Solutions of each odorant were prepared in PBS (300 mM). Titrations were carried out at 21°C with 30 mM OBP in PBS solution. An initial injection of the odorant solution was followed by 20 more injections of the same solution (14.03 lL each). Blank ligand titrations were also performed to remove the heats of dilution from the odorant/ OBP isotherms. The data were analyzed with ORIGIN 7.0 software using the one-site-per-protein-monomer model that is based on the Wiseman Isotherm (Wiseman et al. 1989 ).
Dynamic odorant-binding assay using APCI-MS
The preparation of thin aqueous OBP and BSA films followed the method of Yabuki et al. (2010) . The calculated film thickness for the capillaries used in this study was 1.28 ± 0.07 lm. Five 100-mm capillary sections were taken from a 0.6 m capillary that was internally coated with either a rat-OBP3 PBS solution (0.5-1.25 mM) or a BSA PBS solution (0.5-1.25 mM). The molar amounts of OBP3 in each capillary were calculated from the concentration of the OBP3 solution and the dimensions of the thin film and ranged from 108 (±7) to 271 (±13) picomoles of OBP3. Capillaries were stored in a sealed glass container at room temperature to minimize dehydration and used for experiments within 6 h of preparation.
Online mass spectrometry
A quadrupole mass spectrometer (Platform II) fitted with a custom-built gas phase APCI interface (Taylor and Linforth 2003) was used. Gas was sampled into the ionization source at 30 mL min -1 through a heated (105°C) deactivated fused-silica tube (1 m · 530 lm inner diameter). Figure 1 shows the system schematically. Odorants were ionized by a 4-kV positive ion corona pin discharge source with a dwell-time of 0.2 s to produce protonated molecular ions. The measured masses were m/z 107 for BA, m/z 95 for MP, m/z 167 for IBMP, m/z 142 for IBT and m/z 128 for TMT. Calibration of the APCI-MS was carried out by introducing an odorant solution (hexane) of known concentration into the APCI-MS at a constant flow rate using a syringe pump (Taylor and Linforth 2003) . Masslynx 3.2 software (Micromass) was used to record the ion intensity as a function of time.
Calculation of uptake and release of odorants
The uptake of odorant by OBP was calculated using gas flow rates, gas-phase concentrations, and the time to breakthrough, which was defined as the point when the gas-phase odorant concentration reached half-maximal intensity. The amount of odorant released from the aqueous protein film was determined from the area under the release trace, by monitoring the change in gas phase concentration data with time (area under curve).
Dissociation kinetics
The release curve data from the APCI-MS trace was analyzed using GraphPad Prism 5 (GraphPad Software Determined experimentally using APCI-MS; n = 4 typical variation Ô 5%. The air-water partition coefficient values are the means of 4 replicate measurements, typical variation Ô 5%.
Inc.). The observed off-rate constants for an odorant and rat-OBP3 at a flow rate of 1-20 mL min -1 were determined using the first order exponential decay model equation (Equation 1).
where I c (m/z, t), refers to the time-dependent ion current for a protonated molecular ion of a particular mass-to-charge ratio and a and k are the amplitude and first-order rate constants describing the decay in the gas-phase odorant concentration during each experiment, respectively. This assumption was derived from the following 2 equations that describe the mass transfer processes involved (Equations 2 and 3).
where k off , k on , k v , k c , and k ms are the respective microscopic rate constants for dissociation, association, odorant release, odorant deposition, and APCI-MS consumption. [O g ] are the molar concentrations of the odorant-OBP3 complex, free OBP3, free aqueous odorant, and gas-phase odorant respectively, and N is a sink to the mass spectrometer. Because the OBP and BSA films used in this study were thin (around 1 lm), odorant mass transfer in the liquid phase will be by diffusion and will be of the order of 1 ms (Taylor et al. 2008) . Previous work indicated that changes in the gas phase odorant concentration should be followed by a change in the liquid phase odorant concentration within a period of 100-200 ms (Taylor et al. 2008) . Thus, when the APCI-MS sampling rate, k ms is faster than the time needed for the gas phase odorant to reestablish the steady state, time-dependent changes in free aqueous odorant concentration can be inferred from the changes in gas-phase odorant concentration in the capillary.
Results

Selection of odorants
Air-water partition coefficients, water solubility values, and ITC results (n, binding stoichiometry; K d , dissociation constant) for the 5 odorants used in this study are summarized in Table 1 . Odorant concentrations are expressed either in molar or in volume terms depending on context as partition and stoichiometry are expressed as a molar ratios, wheras release is expressed in volumes. The odorants exhibited a wide range of binding affinities for rat-OBP3 from 0.067 · 10 -6 M to 687 · 10 -6 M (K d ) and a range of water solubilities. Air-water partition coefficients were experimentally measured on the APCI-MS (Marin et al. 1999 ) as values in the literature varied considerably for some compounds. Water solubility values were estimated using an on-line software program (ALOGPS 2.1, http://www.vcclab.org). ITC experiments were carried out to determine the dissociation constants (K d values) of the odorants used and to confirm the integrity of the protein. The K d value obtained for IBT (0.067 · 10 -6 M) was 7 times smaller than previously reported in the literature (0.47 · 10 -6 M) (Lö bel et al. 2001) . The inability of BSA, a control protein, to bind the 5 tested odorants was also confirmed using ITC (data not shown).
Binding and release traces using APCI-MS
To compare the effect of OBP concentration on odorant uptake, each odorant was introduced independently into the capillaries coated with a thin film of rat-OBP3 in PBS solution (0.5, 0.75, 1, and 1.25 mM). Control experiments used capillaries coated with the same concentrations of BSA to monitor the effect of dissolution of odorants in the aqueous phase and to assess any nonspecific binding by the BSA protein.
To assess binding capability, the experiment was run over long time periods to saturate the OBP with odorant and determine binding stoichiometry. Figure 2 shows typical APCI-MS traces of gas-phase binding and release of BA from BSA and OBP3 at different concentrations. BA in air (28.4 nM % 640 ppbv) was passed through the OBPcoated capillary for 13 min at 1 mL min -1 , then substituted by odorant-free air from another syringe (same flow rate) up to 35 min. The on-line APCI-MS monitored the concentration of odorant in the gas phase exiting the capillary and the trace can be interpreted as follows. No signal on the trace denoted that the odorant was being completely taken up by the protein film in the capillary while the appearance of odorant signal denoted breakthrough of odorant (in the period up to 13 min) and release of odorant (after 13 min).
Odorant uptake by 0.5 mM BSA was marginal (Figure 2A ) as the introduction of BA into the capillary resulted in a rapid rise in the gas-phase odorant concentration, up to the signal level found when a 28.4 nM BA concentration was analyzed directly by the APCI-MS. The rapid rise in APCI signal around t 0 showed that BA binding to BSA was insignificant. The introduction of odorant-free air at 13 min (t r ) caused a sharp decline in the gas-phase odorant concentration to baseline values within 0.5 min. Traces obtained using 0.75-1.25 mM BSA concentrations showed very similar patterns to Figure 2A (data not shown).
In contrast, when BA was introduced into rat-OBP3-coated capillaries, the shapes of the traces were different compared with the BSA trace. Initially, the gas-phase odorant signal remained at baseline level for 3.3 min for the 0.5 mM OBP3 capillary ( Figure 2B ). This was followed by a sudden increase in the gas-phase odorant concentration. The time (t s ) for BA to break through to the end of the capillary (and achieve a signal level equivalent to 28.4 nM) was delayed as the concentration of OBP3 increased ( Figure 2B-E) . When the flow was switched to odorant-free air, a gradual decrease in the gas-phase odorant concentration occurred. As OBP3 concentrations increased, the amount of odorant released (as well as the time taken for release) also increased. Figure 2 Typical APCI-MS traces from capillaries coated with 0.5 mM BSA (A) or with different concentrations of rat-OBP3 (B-E) (t 0 = introduction of odorant-containing air, t s = time when the capillary become saturated with the odorant, t r = introduction of odorant-free air, t f = time when the odorant-free air delivery terminates). BA (28.4 nM) was introduced into the protein-coated capillaries from time 0 to 13 min at 1 mL min
À1
. Odorant-free air was introduced into the capillaries for 20 min (from 13 to 33 min) at the same flow rate, and the gas delivery was then turned off at 33 min. The gas-phase BA concentration was monitored (m/z 107) and sub-figures A through E are all on the same y axis scale.
The APCI-MS traces for the 4 other odorants showed similar patterns, but there were differences in the binding and release behaviors, which are analyzed in the following sections.
Odorant uptake by OBP
The amount of OBP on each capillary was calculated (picomoles) and the uptake of odorant by the protein films was calculated from the APCI traces between the t 0 and t s times since the gas flow rate and odorant concentration in the gas phase were known. These calculations were carried out for all 5 odorants tested (see Table 1 ) and at each OBP3 concentration (0.5-1.25 mM). Stoichiometry values (Table 2) were calculated as the molar ratio between the amount of odorant taken up, divided by the OBP content in a capillary. Overall, there was a small (but insignificant) trend of higher values at low OBP concentrations. Most stoichiometry values were around 1 with only MP showing a value >1. The behavior of MP can be rationalized as it is much more soluble in water than the other odorants tested and its K aw favors the aqueous phase (Table 1) . Therefore, over the time to breakthrough, the MP is taken up by both the OBP and the aqueous film and the contribution from the latter may over-estimate the stoichiometry value. By assuming 1:1 MP:OBP stoichiometry, the concentration of MP in the purely aqueous phase was 75 lM. If we assume that equilibrium between the gas and liquid phases is achieved in the condition that DyBOBS was operated in, we can compare the expected liquid phase concentration (248 lM) against the observed value (75 lM). This comparison acts as a sense check in that the liquid phase concentration cannot be more than the equilibrium value (248 lM). Although these calculations are subject to error amplification (as any error in the K aw value exerts a large effect through the calculation process), the values support the hypothesis that the physicochemical properties of MP can explain the fact that the stoichiometry value calculated in this system is an over-estimate. Inspection of the physicochemical data for the other compounds shows that TMT is the only other compound with a K aw value that might encourage water solubility over OBP binding. However, the water solubility of TMT is much lower than MP and this may affect the relative amounts of TMT in the aqueous and bound forms. A simple calculation shows that there is the potential to significantly concentrate odorants in the OBP film. If the gas-phase odorant concentrations are around 20 nM and the OBP concentration is 1 mM, then a 50 000 fold concentration is possible.
Odorant release from OBP
To investigate the dynamics of odorant release from rat-OBP3, the time-dependent changes for the amount of the 5 selected odorants released were calculated from the data used for the calculation of uptake amount. Examples of release traces for BA are shown in Figure 2B -E (from 13 to 33 min). Figure 3A -E shows the total amount of each odorant that was released from the capillary coated with 0.5 mM OBP3 (black triangles) or 1.25 mM OBP3 (black circles). The starting points of the release curves (0 min) in Figure 3A -E correspond to the injection time of odorantfree air as shown at 13 min (t r ) for BA in Figure 2B -E. There was an upward trend in the release amount with an increase in the dissociation constant of the odorant tested (see Table 1 ), suggesting that the differences in the release amounts between the odorants were attributable to the affinity of the odorant for rat-OBP3. For BA and IBMP, the release amounts from the capillaries coated with a higher (1.25 mM) concentration of OBP3 were greater than those from capillaries with a lower (0.5 mM) concentration of OBP3 film. Figure 3F -J shows the percentage of released odorant, which is based on the amount of odorant taken up before the introduction of odorant-free air for 0.5 mM rat-OBP3 (open triangles) or 1.25 mM rat-OBP3 (open circles). Overall, at the same OBP concentration, the proportion of the amount released, to the uptake amount, depended on the affinity for OBP3. For example, release of BA, which has the weakest affinity for rat-OBP3 among tested odorants (Table 1) , was significant, reaching 84% at the 0.5 mM concentration level ( Figure 3F ). Full release of BA took about 9 min from the 0.5 mM OBP3 film. At 1.25 mM OBP3, approximately 54% of the BA odorant molecules were released over 5 min. Release of MP and IBMP, which have intermediate affinities for rat-OBP3 of the selected 5 odorants, was moderate, and both exhibited similar release curves ( Figure 3G,H) . The release of MP at 5 min post-introduction of odorant-free air reached 36% and 21% at 0.5 mM and 1.25 mM, respectively. The release of IBT and TMT, which have small dissociation constants, was insignificant ( Figure 3I,J) . The release amounts of TMT at 5 min were 19% and 12% at 0.5 and 1.25 mM, respectively ( Figure 3I) . MP, IBMP, IBT, and TMT were not fully released in the 20 min introduction of odorant-free air. The proportion of odorant molecules released by odorant-free air decreased as the OBP3 concentration increased. 
Effect of airflow rate on odorant release
To investigate the effect of airflow rate on odorant release, OBP was fully loaded with odorant, then odorant-free air was introduced at different flow rates. The changes in the release traces for BA and IBT, which were the weakest and strongest binding odorants, respectively (Table 1) Figure 3 Time-dependent curves for the release amount (pmol) of the5 selected odorants from 0.5 mM aqueous rat-OBP3 film (black triangles) and from 1.25 mM aqueous rat-OBP3 film (black circles) (A-E). Time-dependent curves for the percentage of the 5 selected odorants released from 0.5 mM aqueous rat-OBP3 film (open triangles) and from 1.25 mM aqueous rat-OBP3 film (open circles) (F-J). Each odorant (at the concentration in Table 1 ) was introduced at 1 mL min À1 into the capillary.
shown in Figures 4 and 5. Each odorant was introduced into the OBP3-coated capillaries (0.5 mM) at 1 mL min -1 until the system was fully saturated with odorants (6 min). Once saturation was reached, odorant-free air was introduced at a flow rate of 1-20 mL min -1 (linear velocity of 8-153 cm s -1 ) ( Table 3 ). The rate of BA release was strongly affected by the flow rate of odorant-free air ( Figure 4A ). At 20 mL min -1 , the release rate reached a maximum value of about 13 times faster than the value obtained at 1 mL min -1 and rapid odorant release continued for about 0.5 min. Almost all the BA molecules were released from the aqueous OBP film within 1.5 min. When lower flow rates of the odorant-free air were used, values for the maximum release rate decreased, and the time-dependent changes in the release rate became gradual. The decay curve of the gas-phase BA concentration starting from their highest concentration (C g,max ) fitted well (R 2 > 0.99) to a single exponential equation (Equation 1). The observed off-rate constants calculated increased from 0.01 s -1 at 1 mL min -1 to 0.1 s -1 at 20 mL min -1
( Figure 4B ). Although the initial rate of release was affected by the flow rate of odorant-free air, the change in the release curve for IBT was moderate ( Figure 5 ) in comparison to the changes observed for BA. For example, as the flow rate of odorant-free air increased to 20 mL min -1 , the maximum IBT release rate increased to 7 times that of the value obtained at 1 mL min -1 ; however, a rapid decrease in the release rate was observed within 0.5 min of odorant-free air introduction, and the gas-phase odorant concentration decreased.
Cycling airflows to mimic nasal tidal flow
To study how fast rat-OBP3 binds and releases odor ligands and to test the reversibility of odorant binding, BA, the weakest-binding odorant was chosen as the model odorant because rapid release from the OBP-odorant complex was observed in previous experiments ( Figures 3A and 4A) . BA (125 ppbv % 7 nM in air) was introduced into aqueous 0.5 mM BSA-or Figure 5 Examples of the effect of airflow rate on odorant release for IBT. IBT (at the listed concentration in Table 1 ) and odorant-free air were sequentially introduced into the rat-OBP3 capillary (0.5 mM OBP3) in the same manner for BA in Figure 4 . Table 1 ) was introduced into the rat-OBP3 capillary (0.5 mM OBP3) at 1 mL min À1 until the capillary was fully saturated with the odorant. Different flow rates (1, 2, 5, 10, or 20 mL min
À1
) of odorant-free air were then introduced into the system. Changes in the observed off rates of BA OBP3 complex at different flow rates (B). The k obs was determined by fitting the release curves starting from the highest headspace concentration (C g,max ) to the first-order exponential decay model equation. For calculation, the averaged thickness of aqueous OBP film (1.28 lm), which was determined from the results of 20 independently performed coating experiments (the 5 odorants · the 4 concentrations), was used.
OBP3-coated capillaries at 20 mL min -1 for 45 s. Subsequently, 15 s of odorant-free air was followed by 15 s of BA in air and the cycle repeated 3 times (each 15 s). Finally, odorant-free air was introduced for 75 s ( Figure 6A,B) . In the BA trace from the BSA-coated capillary, rapid increases and decreases in the gas-phase concentration were observed as the flow changed in each cycle ( Figure 6A ). Full saturation of the rat-OBP3 capillary (0.5 mM) with BA was obtained at about 40 s ( Figure 6B ). After replacing the BA gas with odorant-free air, a gradual decrease in the gas-phase BA concentration by about 4.5 nM was observed. When the second BA flow was introduced, a decline in the gas-phase BA concentration continued, ultimately reaching about 2.5 nM. The OBP3-film became saturated again and the gas-phase BA concentration started to increase. When odorant-free air was reintroduced, the gas-phase BA concentration increased to about 4.8 nM. Increases and decreases in BA gas-phase concentrations repeatedly occurred during subsequent cycles. When the final volume of odorant-free air (75 s) was introduced, the gas-phase concentration of BA reached approximately 4.5 nM then decreased gradually and approached the base line.
Competitive binding
To investigate competitive odorant uptake and release by rat-OBP3, 2 odorants were first introduced into the capillary sequentially. IBMP and IBT (at the concentrations in Table 1 ) were chosen because these 2 odorants have different binding affinities for rat-OBP3 (medium and high, respectively; Table 1 ). Figure 7A shows the gas-phase IBMP trace when IBMP and odorant-free air were sequentially introduced into the OBP3 capillary (0.75 mM) at 3 mL min -1 over three 5 min cycles. Odorant uptake and release by OBP3 occurred on a regular, periodic basis which followed the cycle of IBMP and odorant-free air introduction, although with a time lag. Release of IBMP during the 5 min cycle with clean air was not quantitative as the time for the OBP to become fully loaded in the second and third cycles was shorter, than the first cycle. Figure 7B shows the results when the experiment was repeated but with IBT in place of the clean airflow. IBT has a lower K d (0.067 · 10 -6 M) than IBMP and should bind more strongly to OBP. The competitive effect can be clearly seen at 6 min on the trace in Figure 7B where IBMP is displaced from the OBP when IBT is introduced into the gas phase. A similar but smaller effect is seen in cycles 2 and 3 (16 and 26 min). There is an effect on IBMP uptake in cycles 2 and 3 presumably because IBT is occupying the OBP-binding sites and IBMP can only partially displace some of the IBT molecules. In cycle 2 of the IBT, the OBP becomes fully loaded with IBT in a shorter time than in cycle 1, showing that limited release/displacement occurred in the cycle time between 11 and 16 min. Figure 7C shows the situation when IBMP and IBT are introduced simultaneously. Traces a-e show how the concentration of IBT affects the release of IBMP with time. IBMP concentration was held at 190 ppbv (%8.4 nM), whereas IBT levels were 0, 250, 500, 1000, or 2500 ppbv (0, 11, 22, 45, or 112 nM, respectively) . Rat-OBP3 concentration was 0.75 mM and total flow rate was 6 mL min -1 . In the absence of IBT, the aqueous OBP3 layer took about 2.7 min to become saturated with IBMP ( Figure 7C-e) ; however, in the presence of IBT, the amount of IBMP uptake became smaller. With the same concentration of IBT, the aqueous OBP3 layer was saturated within 1.4 min and the uptake amount of IBMP was about half of the original amount. At a low concentration of IBT (250 ppbv % 11 nM), a steady release rate was observed ( Figure 7C-d) ; whereas at higher concentrations of IBT (500-2500 ppbv), the IBMP peak shape became sharper as the IBT concentration increased ( Figure 7C-a to c) . The decay curve of the gas-phase IBMP concentration starting from their highest concentration fitted well to a single exponential equation (Equation 1; R 2 > 0.97), and the values were in the range from 4 to 15 min -1 . Corresponding half-life values of IBMP-OBP3 complex were between 3 and 10 s. Figure 6 BA traces when introduced in cycles into a BSA capillary (A) or rat-OBP3 capillary (B) to mimic the nasal tidal flow and to study the uptake and release kinetics of odorant binding to OBP under physiologically relevant gas flow conditions. BA gas (7 nM % 160 ppbv) was introduced at 20 mL min À1 into the protein-coated capillaries (0.5 mM BSA or OBP3) from 0 to 0.75 min (45 s). Odorant-free air and BA were introduced in turn into the capillary at the same flow rate 3 times, each for 0.25 min (15 s). Finally, odorant-free air was introduced into the system for 1.25 min (75 s).
Discussion
The DyBOBS system measures odorant binding to OBP indirectly that is, by monitoring the change in odorant concentration in the outflow of the system (Figure 1 ). Previous work (Yabuki et al. 2010 ) has established the validity of this indirect approach through a series of control experiments, which studied potential confounding factors. The results showed that there was no significant binding to components of the DyBOBS system (e.g., the capillary itself) and that nonspecific binding to proteins like BSA was insignificant. Aqueous solubility of the odorants is known (Table 1) and this contribution can be calculated (see earlier discussion in Odorant uptake by OBP).
The purpose of the first experiments was to investigate the uptake and release behavior of 5 odorants under simulated OE conditions. A comparison of stoichiometry values obtained by ITC and DyBOBS shows good agreement (Tables 1 and 2) , with only the values for MP (ITC 0.81; DyBOBS 1.12) showing disparity. Given the discussion in previous sections about the high solubility of MP in water and the fact that the ITC results were corrected for dissolution of odorants in water, this is not really surprising. The other key outcome of the stoichiometry data is that with near 1:1 binding, the potential concentration factor for odorants can be up to 50 000 times (based on 1 mM OBP and an odorant gas phase concentration of 20 nM). Another outcome is to estimate the odorant flux in the system. At 1 mL min
flow and a concentration of 20 nM, about 20 pmol of odorant min -1 were delivered and taken up by the OBP layer as no odorants exited the capillary and were detected by the APCI-MS during this time. This suggests that the speed of odorant mass transfer from the gas to the liquid phase in the model system was faster than the rate of odorant delivery in the gas phase. Assuming the probability for an odorant to contact the OR can be estimated as the concentration of the odorant in the OE multiplied by the residence time of the odorant, the concentrating effect could potentially increase the chance for odorants to contact the OR. Firestein et al. (1993) have reported that the ORs are not only responsive to the odorant concentration, but that they also sense the accumulated effects of the stimulus over time. In such a situation, OBPs could potentially enhance the output signal from the receptor cells. studied the odorant release kinetics of bovine OBP utilizing the infinite dilution technique for blocking the reassociation of dissociated odorants and bovine OBP. They reported that the dissociation of IBMP was very slow with negligible dissociation after 1 h. In the present study, the dissociation of MP, IBMP, IBT, and TMT were slow in comparison to BA, but the percentage of the released odorants were between 10% and 36% over IBT (A and B) . IBMP (at the concentration in Table 1 ) was introduced into the rat-OBP3 capillary (0.75 mM) at 3 mL min
À1
. After the OBP3 capillary was saturated with odorant, odorless air (A) or IBT at the concentration in Table 1 (B) was introduced at the same flow rate and for the same duration. A pair of gases was presented three times, one after the other. Differences in IBMP traces with different concentrations of IBT introduced into the capillary simultaneously (C). IBMP (190 ppbv % 8.4 nM) and IBT (0-2500 ppbv air) were introduced into the rat-OBP3 capillary (0.75 mM) at 3 mL min À1 . The chromatogram a-e show IBMP traces in the presence of decreasing concentrations of IBT (a, IBT 2 500 ppbv; b, 1 000 ppbv; c, 500 ppbv; d, 250 ppbv and e, 0 ppbv). The half-life values of IBMP-OBP3 complex were calculated by fitting the release curves starting from the highest headspace concentration to the first-order exponential decay model equation (D).
5 min of odorant-free air introduction. It is likely, in DyBOBS, that the release occurs in much shorter time periods under the conditions where the reassociation of IBMP and rat-OBP3 are blocked.
To study the dynamic odorant binding to OBPs, model systems need to take into account the OE airflow profile in vivo. Keyhani et al. (1997) (Table 3 ).
In our model system, the residence time and rate of odorant release were strongly dependent on the odorant affinities for the protein and the amount of OBP3 ( Figure 3F-J) . When odorant-free air was introduced at a flow rate of 1-20 mL min -1 (a velocity of 0.08-1.53 m s -1 ) into the system after the aqueous OBP3 layer was fully saturated with BA, the release of BA, a weakly binding odor ligand, was greatly affected by the airflow rate. Under high flow conditions, odorant release was accelerated (Figure 4) . The dramatic changes in release can be explained by reference to basic chromatography principles. Simply speaking, at high flow rates, a molecule that is released into the gas phase is swept down the column and has fewer chances of rebinding with OBP in the liquid phase, so exits the capillary faster. At a flow rate of 20 mL min -1 , the theoretical evacuation time of the capillary is calculated to be 70 ms (Table 3) . Therefore, the evacuation rate constant, k ms should be greater than the time needed for achieving equilibrium between the gas and liquid phases (k v and k c ), meaning that the observed time-dependent changes in gas-phase odorant concentration directly relates to the change in free odorant concentration in the liquid phase. The results suggest that the gas flow rate (velocity) significantly affects the odorant residence time in the OE and that high airflow rates may contribute to the clearance of odorants so that OBPs can readily bind air-borne odorants within breathing airstreams.
To test how fast OBPs bind and release odorants, BA and odorant-free air were alternately introduced into the OBP3-coated capillary at short time intervals (Figure 6 ). When odorant-free air was introduced into the system after the aqueous rat-OBP3 layer was first saturated with BA, an initial decrease in the gas-phase concentration was observed ( Figure 6B ). As shown in the BSA data ( Figure 6A ), the gasphase odorant took 10 s to dissipate once the syringe pump controlling introduction of the gaseous BA was turned off and the syringe pump controlling introduction of the odorant-free air was turned on. This is because a gas-tight syringe that works by a pressure-driven mechanism experiences lag time before the syringe actually stops or starts delivering either the gas-phase odorant or the clean odorant-free air into the OBP3 capillary. After an initial drop, a small peak can be seen in gas-phase odorant concentration ( Figure 6B ), indicating that there may have actually been a release of odorant by the OBP, and this was masked by the excess odorant overflowing from the gas-tight syringe containing the BA solution. When odorant-free air was introduced into the system, in which the aqueous rat-OBP3 film was not saturated with BA, as the second or the third introduction, small peaks due to the overflow of the odorant, followed by an increase in the gas-phase odorant concentration, were observed. The gas-phase BA concentration started to increase prior to the introduction of odorant-free air in all cases after the initial BA injection, indicating the OBP3-film became saturated again. It is unclear if partitioning between the 2 phases at the OE occurs in vivo as often as in the model system that utilized a relatively long (100 mm) but narrow capillary tubing (internal volume ; 22 lL). Therefore, although complete odorant release was not observed in the 15-s intervals used in this study ( Figure 6A,B) , it seems possible that odorants with binding affinities for rat-OBP3 much weaker than BA are released at normal breath cycles, which occur at 4-5 s for humans (Keyhani et al. 1995) and around 0.4 s for rats (Walker et al. 1997) , to prepare for the next odor stimulus.
To investigate uptake and release properties in the presence of a competitive binder, IBMP and IBT, which have different affinities for rat-OBP3 (see Table 1 ), were introduced sequentially into the OBP capillary ( Figure 7B ). Whereas continuous IBMP uptake and release occurred repeatedly in the absence of IBT ( Figure 7A ), which is a tight-binding odor ligand, odorant uptake for IBMP was limited in the presence of IBT. This result suggests that when a tight-binding odor ligand is introduced, displacement occurs easily; conversely, when OBPs bind to a strong-binding odor ligand, uptake of a weak-binding odor ligand is limited. When IBMP and IBT were introduced simultaneously into the rat-OBP3 capillary, the IBMP uptake amount was altered ( Figure 7C ). Moreover, the residence time of IBMP became shorter, and the rate of IBMP release rate became faster. The release of IBMP from aqueous OBP3 film occurred within very short time periods (3-10 s). The half-life value for IBMP-OBP3 complex was as short as 3 s when 2500 ppbv (112 nM) concentration of IBT was introduced; the value is 2 orders of magnitude faster than the literature ) has previously suggested. These results indicate that multiple binding and release from OBPs occur in vivo, where diverse odorants exist, and occur simultaneously with release rate constants (k off ) that are actually relevant to detecting odors. As rat-OBP3 exhibits typical OBP characteristics (Lö bel et al. 2002 (Lö bel et al. , 2001 , it is likely that vertebrate OBPs generally display similar results to those shown in this study.
Conclusion
What is currently missing from our understanding of olfactory perception is a detailed knowledge of the mass transfer mechanisms that occur when odorants in the gas phase pass over the OE and odorants transfer from the gas phase to the liquid phase and finally to the ORs. The observations presented in this paper provide fundamental information on the first peri-receptor events in olfaction and contributes to the current knowledge concerning the role of OBPs. The investigation could be further continued by including a secondary phase to study the transfer of odorants from OBPs to ORs. The lack of a functional stable human OBP is a current limitation. The effects of various OBP subtypes also need to be studied. The dynamic release and displacement of odor ligands and the mass transfer of dissociated odorants between the gas and liquid phases within the time scale relevant to odor detection suggest that dissociated odorants could be involved in peripheral event(s) in olfaction. Because rat-OBP3 has been shown to display typical OBP characteristics, the data indicate that vertebrate OBPs may play a role in increasing the mucus-phase odorant concentration, which could potentially enhance the frequency and duration of odorant access to the olfactory neurons.
The transport of odorants through the DyBOBS system is clearly mediated by the presence of OBP: an apparent retardation in odorant release is seen quite clearly (Figure 2) . The degree to which each odorant is affected differs, and this therefore needs to be explained in terms of the kinetics of transfer from the gas phase, how these kinetics are affected by OBP3 in the solution phase, and the intrinsic binding affinity of OBP3 for these odorants. The experiments provide access to 2 parameters:
A. The intrinsic solution-based affinity of OBP3 for a particular odorant, as determined by isothermal titration calorimetry and B. The time-dependent concentration of the odorant in the gas phase as it emerges from the DyBOBS system.
Our ligands can be broadly categorized into 4 classes:
1. Hydrophilic with a high affinity (low K d ) for OBP3. 2. Hydrophobic with a high affinity (low K d ) for OBP3. 3. Hydrophilic with a low affinity (high K d ) for OBP3. 4. Hydrophobic with a low affinity (high K d ) for OBP3.
Each of these will show a distinct behavior in the DyBOBS system in the presence of OBP3. In the absence of OBP3, the odorant partition between the gas and the liquid phase will depend upon the rate of condensation of the odorant into the liquid phase, the rate of volatilization out of the liquid phase, and the flow rate of carrier gas through the system. In the presence of OBP3 there are further processes. We assume that OBP3 cannot directly obtain odorants from the gas phase and therefore interacts only with those in the solution phase. Hence, if a hydrophilic ligand that binds tightly to OBP3 is introduced into DyBOBS, then there is a strong effect of retardation, and hence a slower rate of release is observed. If the ligand is hydrophobic, a rate of release is still seen, but its magnitude is much less as there will be less soluble ligand available. If a ligand does not bind tightly to OBP3, then the rate of release will more closely depend on the off-rate of the ligand/protein complex.
